Classical molecular dynamics (MD) simulations have been performed to investigate the effects of substitutions in the octahedral sheet (Mg for Al) and layer charge on an atomistic model of the montmorillonite edge. The edge models considered substitutions in both the solvent accessible and inaccessible octahedral positions of the edge bond chain for a representative edge surface. The MD simulations based on CLAYFF, a fully-flexible forcefield widely used in the MD simulations of bulk clay minerals, predicted Mg-O bond distances at the edge and in bulk that agreed with those of the density functional theory (DFT) geometry optimizations and available experimental data. The DFT results for the edge surfaces indicated that substitutions in the solvent inaccessible positions of the edge bond chain are energetically favorable and an increase in layer charge and local substitution density coincided with the occurrence of five-coordinate, square pyramidal Mg and Al edge structures. Both computational methods predicted these square pyramidal structures, which are stabilized by water bridging H-bonds between the unsaturated bridging oxygen [(Al or Mg)-O-Si] and other surface O atoms. The MD simulations predict that the presence of Mg substitutions in the edge bond chain results in increased disorder of the edge Al polyhedra relative to the unsubstituted edge.
Introduction
Smectites are 2:1 dioctahedral phyllosilicates abundant in soils and sediments [1] . Smectites are natural nanominerals with layers~1.0 nm thick composed of an octahedral sheet between two tetrahedral sheets. The basal surfaces of the tetrahedral sheets are inert, but isomorphic substitutions in the structure can impart a permanent negative charge to the layers. The hydration of interlayer cations that balance this permanent charge results in interlayer swelling and the creation of nanopores. This physical structure is responsible for the unique physicochemical properties of smectites that include high surface area, high cation exchange capacity, and low permeability. These microscopic properties affect a range of macroscopic geological and geochemical processes and have been exploited in engineered geologic barriers [2, 3] and nanocomposite materials [4] [5] [6] . These applications have been developed based on the comprehensive experimental and theoretical investigations of the smectite interlayers. The edges of these layer-type minerals, although they represent a much smaller fraction of the total surface area, are no less important to the reactivity of smectites.
The edges of 2:1 phyllosilicates are a source of pH dependent charge in soils. These highly-reactive edge sites exhibit a strong influence on cation and anion retention [7] , the stabilization of soil organic matter [8] [9] [10] , and colloidal and rheological properties [11] [12] [13] . In addition, the edge represents the boundary that diffusing solutes must cross between interlayer nanopores and neighboring meso-and micropores [14] and the dissolution of clay nanoparticles has been observed to proceed predominantly from the edge surfaces [15, 16] . With a role in such an extensive list of clay surface reactions, a comprehensive understanding of 2:1 phyllosilicate structure and reactivity cannot be attained without a detailed atomistic characterization of the edge. This detailed characterization has remained elusive due to the experimental difficulties of isolating the edges. Careful manipulation of experimental variables such as pH and ionic strength [17] [18] [19] or the choice of non-or low-swelling 2:1 clay mineral phases such as pyrophyllite, K-mica, and beidellite [20] [21] [22] have been of some assistance in isolating the edge, but by far, the most insightful approach has been through atomistic simulations.
Numerous quantum mechanical (QM) simulations have provided valuable insights regarding the relaxation of the edge structure [23, 24] , surface energy of various facets [24, 25] , acid-base reactivity [23, 24, [26] [27] [28] , and dynamical properties of the edge-water interface [29] [30] [31] . These simulations of the two dominant edge structures typically employ pyrophyllite as a model mineral as it is a non-swelling, 2:1 dioctahedral phyllosilicate with no structural charge; pyrophyllite possesses only a strongly reactive edge surface. Pyrophyllite is a useful analog for the study of the 2:1 dioctahedral phyllosilicate edge surfaces although it is somewhat rare in soils. Much more common in the environment is montmorillonite (MMT), a smectite mineral with a relatively low layer charge (x = 0.2 to 0.6 per chemical formula unit), wherein isomorphic substitutions in the octahedral sheet are in excess of those in the tetrahedral sheet [32] . Recent atomistic simulations using density functional theory (DFT) have sought to address the gap between the idealized atomistic models of the edge and the actual structure of smectites by introducing isomorphic substitutions into the models [26, 27, 30, 31] . These simulations have demonstrated the effects of isomorphic substitutions on the coordination of the edge cations, the interfacial water structure, and the acid dissociation constants (pK a s) of the edge sites. Perhaps due to the computational costs of QM simulations, these previous studies have employed atomistic models that are small and considered only a single isomorphic substitution in isolation in the structure.
Molecular mechanical (MM) studies are rare for the edge surfaces compared to the QM studies and have typically employed a rigid clay structure [14, 33, 34] . MM simulations can address the limited length-and time-scales of QM methods, but the accuracy of MM simulations are strongly dependent on the choice of the potential-based forcefield that describes the interatomic interactions. No forcefield, however, has been extensively tested for the edge surfaces because of the absence of high-quality experimental data for the edge. The fully-flexible CLAYFF forcefield [35] , which was derived from QM methods and spectroscopic data, has been used extensively in molecular mechanics simulations for clay mineral phases, particularly for the basal planes and interlayer nanopores. Recent classical molecular dynamics (MD) simulations [36] have demonstrated that CLAYFF predicts edge structures and surface energies consistent with those of QM studies of pyrophyllite. CLAYFF has also been used in simulations at the extended length-and time-scales that are currently inaccessible to QM methods to predict pyrophyllite nanoparticle structures and propose disordered edge structures [37, 38] . Further investigation is required, but these studies have demonstrated that CLAYFF can be used in MM simulations of some clay edge surfaces. The validation of CLAYFF for atomistic simulations of more common 2:1 clay mineral edges that include isomorphic substitutions is a natural next step and would expand the already considerable list of model structures that can be simulated.
In this study, we report the results of MD simulations of a MMT edge with substitutions of Mg for Al in the octahedral sheet using the CLAYFF forcefield. The resultant MD edge structures are compared with those of DFT geometry-optimizations that examined the effects of layer charge and the position of the edge substitution on the edge structures. We provide a quantitative description of the octahedral sheet edge structures and infer a relationship between layer charge and disordered edge structures.
Materials and Methods

Molecular Mechanics: Na-Montmorillonite Edge
The atomistic model of the Na-MMT edge was derived from a previous model of the pyrophyllite edge. The details of this previous model are described elsewhere [36] , but the general characteristics of the model will be briefly summarized and differences that distinguish the Na-MMT model from the pyrophyllite model will be described in detail. Crystal growth theory [39] can be applied to 2:1 dioctahedral phyllosilicates [40] to identify three periodic bond chains (PBCs)-one is unique and two are symmetrically equivalent-that parallel the clay mineral edge faces. In this paper, we have chosen the nomenclature of White and Zelazny [40] and will refer to the symmetrically equivalent PBCs as the AC edge and the unique PBC as the B edge. These PBCs are composed of linked tetrahedron-octahedron-tetrahedron (TOT) units. Previous simulations identified the AC edge as the 2:1 dioctahedral edge with the lowest surface energy [24, 36] , and we have chosen the AC edge as the representative edge of Na-MMT. The atomistic models of the Na-MMT AC edge began from a 4ˆ4ˆ2 (aˆbˆc) expansion of the pyrophyllite-1Tc unit cell of Lee and Guggenheim [41] . The octahedral sheet of this 2:1 dioctahedral phyllosilicate unit cell is trans-vacant (i.e., the trans-site, where the anionic positions (OH´) lie across the octahedron diagonal, is vacant; the two cis-sites, where the anionic positions are shared on an octahedral edge, are occupied; Figure 1 ). This triclinic supercell was cleaved along the (010) plane to create the AC edge face. A 60 Å vacuum space perpendicular to the AC edge was introduced to separate the surfaces across a macropore; the edge faces were also separated across the bulk mineral phase by approximately 30 Å. The unsaturated bonds of the edge surface were saturated in the manner of previous simulations of the pyrophyllite edge [36] -namely, through the dissociative chemisorption and physisorption of an integer number of water molecules to maintain the surface at the point of zero net proton charge (p.z.n.p.c.). Each solvent-accessible TOT unit at the edge surface requires two water molecules to be saturated. The simulation cell c dimension and relative clay layer position were adjusted to accommodate a hydrated bilayer. The simulation cell macropore and interlayer were hydrated with 1389 water molecules. The triclinic cell geometry was simplified to agree with the standard practice of using monoclinic simulation cells for Na-MMT. The initial simulation cell geometry was a = 20.64 Å, b = 98.86 Å, c = 30.69 Å, α = 90.00˝, β = 100.46˝, and γ = 90.00˝.
Isomorphic substitutions of Al 3+ by Mg 2+ in the octahedral layer were chosen at random and subject to two constraints. The random assignment of substitutions is consistent with previous solid-state nuclear magnetic resonance (NMR) experiments and QM simulations that demonstrated that Mg 2+ substitutions are randomly distributed within the octahedral layer [42, 43] . The first constraint follows from these experimental and theoretical investigations and requires that no Mg-(OH) 2 -Mg pairs exist within the octahedral sheet. The second constraint is informed by the properties of synthetic MMTs [44] [45] [46] [47] . Synthetic MMTs with only octahedral substitutions produced via hydrothermal synthesis are limited to a layer charge, x, of 0.20 to 0.40. The units of x are the number of moles of excess electron charge per chemical formula. We define the reference chemical formula for MMT as M x [Al (2´x) Mg x ]Si 4 O 10 (OH) 2 . Where M is the interlayer counter ion and the term in brackets represents the octahedral sheet. The octahedral substitution ratio (i.e., the number of substitutions per total octahedral sites) is one-half of the layer charge. Synthetic MMTs with layer charges greater than 0.40 begin to exhibit trioctahedral character in the octahedral sheet and isomorphic substitutions in the tetrahedral layers [46] . Thus, the second constraint, derived from the layer charge, limits the substitution ratio of the edge PBC (i.e., Mg edge substitutions: total no. of octahedral edge sites in the PBC) to less than 0.20. Random assignments of substitutions that violated either constraint were ignored and a new random assignment was made. The random assignment of isomorphic substitutions in the octahedral layer created two distinct edge surfaces. One of the interfaces contains no isomorphic substitutions in the two bond chains that define the edge of the upper and lower layer (Figures 1 and 2 left edge surface); this interface and these edge bond chains are pyrophyllite-like. The second interface contains one isomorphic substitution in the edge PBC of each layer (i.e., substitution ratio: 1:8; Figures 1 and 2 right edge surface). In the upper layer, this substitution is solvent inaccessible (i.e., a linking position of the PBC; Figure 1 , Mg PBC ). In the lower layer, the isomorphic substitution is in a solvent accessible position in the PBC (i.e., a water molecule can sorb to the edge octahedra; Figure 1 , Mg Sol ). These two interfaces can be further distinguished by the substitution ratio of the PBC that is adjacent to the edge bond chain. The bulk bond chains that are adjacent to the substituted edge have a higher substitution ratio (0.375) than the bond chains adjacent to the unsubstituted edge (0.125 and 0.25). A total of 26 Mg substitutions were introduced into the octahedral layer; an equal number of Na ions were placed in the hydrated interlayer space to balance this permanent structural charge. This atomistic model of Na-MMT had a layer charge of 0.40. The chemical formula for the MMT without sorbed water molecules was (Mg 26 from the layer charge, limits the substitution ratio of the edge PBC (i.e., Mg edge substitutions: total no. of octahedral edge sites in the PBC) to less than 0.20. Random assignments of substitutions that violated either constraint were ignored and a new random assignment was made. The random assignment of isomorphic substitutions in the octahedral layer created two distinct edge surfaces. One of the interfaces contains no isomorphic substitutions in the two bond chains that define the edge of the upper and lower layer ( Figures 1 and 2 , left edge surface); this interface and these edge bond chains are pyrophyllite-like. The second interface contains one isomorphic substitution in the edge PBC of each layer (i.e., substitution ratio: 1:8; Figures 1 and 2 , right edge surface). In the upper layer, this substitution is solvent inaccessible (i.e., a linking position of the PBC; Figure 1 , Mg PBC ). In the lower layer, the isomorphic substitution is in a solvent accessible position in the PBC (i.e., a water molecule can sorb to the edge octahedra; Figure 1 , Mg Sol ). These two interfaces can be further distinguished by the substitution ratio of the PBC that is adjacent to the edge bond chain. The bulk bond chains that are adjacent to the substituted edge have a higher substitution ratio (0.375) than the bond chains adjacent to the unsubstituted edge (0.125 and 0.25). A total of 26 Mg substitutions were introduced into the octahedral layer; an equal number of Na ions were placed in the hydrated interlayer space to balance this permanent structural charge. This atomistic model of Na-MMT had a layer charge of 0.40. The chemical formula for the MMT without sorbed water molecules was (Mg26Al102)Si256O640(OH)128. The CLAYFF forcefield parameters [35] described the Coulomb and short-range interactions as well as the harmonic bonds of the hydroxyl groups in the atomistic model of Na-MMT. Minor adjustments were made to the partial Coulombic charges of the octahedral Mg atoms (qmgo = 1.3598 e) and the bridging O atoms with double substitution (qobss = −1.3116 e) to maintain the charge neutrality of the atomistic model. The aqueous phase was described by the extended simple point charge (SPC/E) water model [48] with harmonic bond stretching and angle bending terms [48, 49] . Long-range electrostatic interactions and the attractive contribution to the van der Waals interaction The CLAYFF forcefield parameters [35] described the Coulomb and short-range interactions as well as the harmonic bonds of the hydroxyl groups in the atomistic model of Na-MMT. Minor adjustments were made to the partial Coulombic charges of the octahedral Mg atoms (q mgo = 1.3598 e) and the bridging O atoms with double substitution (q obss =´1.3116 e) to maintain the charge neutrality of the atomistic model. The aqueous phase was described by the extended simple point charge (SPC/E) water model [48] with harmonic bond stretching and angle bending terms [48, 49] . Long-range electrostatic interactions and the attractive contribution to the van der Waals interaction were evaluated using the Ewald summation [50] with the repulsive contribution truncated at a distance of 9.0 Å. All Ewald summations were determined to an accuracy of 0.0001 kcal/mol. were evaluated using the Ewald summation [50] with the repulsive contribution truncated at a distance of 9.0 Å . All Ewald summations were determined to an accuracy of 0.0001 kcal/mol. After these approximately 200 ps of equilibration, a production run of 3.5 ns was continued with this same simulation algorithm. The resultant edge structures from these 3.5 ns trajectories were assessed on the basis of the metal-oxygen pair distribution functions and the integral of these distribution functions that provides the metal-oxygen coordination number. The internal routines of the LAMMPS code were used to calculate these pair distribution functions. The charactersitic properties of the pair-distribution functions (i.e., metal-oxygen distances, rMeO; the first-shell minimum of the pair-distribution function, ρ; and the coordination numbers, CNs) were calculated from 10 time-averaged blocks of 200 ps duration. The hydrogen bonds (H-bonds) at the NaMMT edge-water interface were defined by the donor-acceptor separation distance and donor-hydrogen…acceptor angle criteria developed by Kumar, et al. [52] for the SPC/E water model 
Density Functional Theory (DFT) Computations
All DFT simulations were performed with the CASTEP code [54] using ultrasoft pseudopotentials [55] under the generalized gradient approximations [56] . The kinetic-energy cutoff for the planewave basis set was 600 eV. The primitive Brillouin zone was sampled using a 6 × 4 × 4 grid and one point in k space [57] for the pyrophyllite unit cell and supercells for the surface models, respectively. With the chosen kinetic-energy cutoff and k-point grid, the atomic forces converged to <<0.01 eV/Å . The geometry optimization permitted the coordinates of all ions to relax. Geometry optimizations were performed until the residual atomic force was ≤0.03 eV/Å and the root-mean-square stress of the bulk structure was ≤0.02 GPa.
A periodic slab model of the AC edge surface was created based on a 2 × 2 × 1 supercell of a geometry optimized pyrophyllite-1Tc unit cell from Lee and Guggenheim [41] . This slab model has All MD simulations were performed with the LAMMPS software package [51] installed on the supercomputer Hopper at the National Energy Research Scientific Computing Center (NERSC; Berkeley, CA, USA). The models were initiated with a series of short MD simulations in the microcanonical (NVE, T = 298.15 K) ensemble-where the number of atoms (N), simulation cell volume (V), and energy (E) were held constant. The temperature was controlled with a temperature-rescaling thermostat and the SHAKE algorithm for water molecule bonds and angles. The aqueous phase was equilibrated with a timestep progression of ∆t = [0.001, 0.01, 0.2, 0.3, 0.4, 0.5 fs] for 40,000 steps each before the atoms of the MMT phase were relaxed from their rigid positions. The entire system was then simulated for an additional 10,000 steps with ∆t = 0.25 and 0.5 fs. At this point, the ensemble was changed to isobaric-isothermal [NPT; (P = 1.0 atm, T = 298.15 K)]-where pressure (P) and temperature (T) were held constant. A chain of Nose-Hoover thermostats controlled the temperature and pressure for the next 100.0 ps of model equilibration with ∆t = 0.5 fs. After these approximately 200 ps of equilibration, a production run of 3.5 ns was continued with this same simulation algorithm. The resultant edge structures from these 3.5 ns trajectories were assessed on the basis of the metal-oxygen pair distribution functions and the integral of these distribution functions that provides the metal-oxygen coordination number. The internal routines of the LAMMPS code were used to calculate these pair distribution functions. The charactersitic properties of the pair-distribution functions (i.e., metal-oxygen distances, r MeO ; the first-shell minimum of the pair-distribution function, ρ; and the coordination numbers, CNs) were calculated from 10 time-averaged blocks of 200 ps duration. The hydrogen bonds (H-bonds) at the NaMMT edge-water interface were defined by the donor-acceptor separation distance and donor-hydrogen¨¨¨acceptor angle criteria developed by Kumar, et al. [52] for the SPC/E water model (d H´bond ď 3.2 Å; =H-D¨¨¨A ď 40˝) and rendered with the open-source program, Visual Molecular Dynamics (VMD) [53] .
All DFT simulations were performed with the CASTEP code [54] using ultrasoft pseudopotentials [55] under the generalized gradient approximations [56] . The kinetic-energy cutoff for the planewave basis set was 600 eV. The primitive Brillouin zone was sampled using a 6ˆ4ˆ4 grid and one point in k space [57] for the pyrophyllite unit cell and supercells for the surface models, respectively. With the chosen kinetic-energy cutoff and k-point grid, the atomic forces converged to <<0.01 eV/Å. The geometry optimization permitted the coordinates of all ions to relax. Geometry optimizations were performed until the residual atomic force was ď0.03 eV/Å and the root-mean-square stress of the bulk structure was ď0.02 GPa.
A periodic slab model of the AC edge surface was created based on a 2ˆ2ˆ1 supercell of a geometry optimized pyrophyllite-1Tc unit cell from Lee and Guggenheim [41] . This slab model has two symmetric edge surfaces at the left and right of Figure 3 . The AC edge structure was cleaved from the supercell in the same manner as the molecular mechanics simulations. The unsaturated bonds were healed via the same dissociative chemisorption and physisorption reactions with water molecules to create an edge surface at the p.z.n.p.c. The Si edge tetrahedra each possess one silanol ("SiOH) group and the solvent accessible octahedron has an amphoteric ["(Al or Mg) . . . OH 2 ] group. A total of four H 2 O molecules per edge surface were used to saturate the solvent-accessible TOT units. The generic chemical formula for the surface slab models without sorbed water molecules was [Al (16´n) Mg n ]Si 32 O 80 (OH) 16 , where n = 2 or 3 in our DFT simulations, corresponding to a layer charge of 0.25 or 0.375. The slab model was comprised of four PBCs (~18 Å thickness). The vacuum space perpendicular to the edge surface slab model was~20 Å. The supercell dimensions for the DFT edge surface model were: 10.40ˆ38.05ˆ10.12 Å (aˆbˆc) with each edge surface~1.0 nm 2 . The periodic images of the surface models were separated by a distance greater than 17.8 Å.
Minerals 2016, 6, 25 6 of 15 two symmetric edge surfaces at the left and right of Figure 3 . The AC edge structure was cleaved from the supercell in the same manner as the molecular mechanics simulations. The unsaturated bonds were healed via the same dissociative chemisorption and physisorption reactions with water molecules to create an edge surface at the p. (Table 2: Al sol -OH2, oh) and bridging oxygen ( Table 2 : Al sol -OH2, ob) pairs are depicted as enlarged cations at left and right in the edge PBCs, respectively. Atom legend is the same as Figure 2 .
Isomorphic substitutions of Mg for Al were introduced into the PBC of each edge surface and, in some models, the bulk of the octahedral sheet. The effect of the substitution location in the edge PBC was investigated by considering two different models. In the first model, the isomorphic substitution occupied a solvent accessible octahedron in the edge PBC (Figure 3a , Mg Sol ); the isomorphic substitution of the second model occupied a linking octahedral position in the PBC (Figure 3b , Mg PBC ). A single isomorphic substitution in each edge PBC results in a MMT with a layer charge of 0.25. The effect of layer charge was investigated by creating two additional models based on the originals. These two models introduced one additional isomorphic substitution in the bulk of the octahedral sheet (Figure 3b , Mg Bulk ). The additional Mg Bulk substitution increased the layer charge of these models to 0.375, but the substitution ratio of the edge PBCs remained unchanged at Isomorphic substitutions of Mg for Al were introduced into the PBC of each edge surface and, in some models, the bulk of the octahedral sheet. The effect of the substitution location in the edge PBC was investigated by considering two different models. In the first model, the isomorphic substitution occupied a solvent accessible octahedron in the edge PBC (Figure 3a , Mg Sol ); the isomorphic substitution of the second model occupied a linking octahedral position in the PBC (Figure 3b , Mg PBC ). A single isomorphic substitution in each edge PBC results in a MMT with a layer charge of 0.25. The effect of layer charge was investigated by creating two additional models based on the originals. These two models introduced one additional isomorphic substitution in the bulk of the octahedral sheet (Figure 3b , Mg Bulk ). The additional Mg Bulk substitution increased the layer charge of these models to 0.375, but the substitution ratio of the edge PBCs remained unchanged at 0.25.
Although in excess of our defined constraint, this edge substitution ratio is the lowest possible for our DFT model geometry. The small size of these atomistic models imposes limits on the substitution ratios and layer charges that can be considered. Thus, we have chosen models that most closely agree with those of the classical mechanical simulations described above and are within the range of the octahedral substitution ratios of synthetic MMT.
The isomorphic substitution of Mg for Al results in a net negative charge in the super cell that was compensated through the application of a uniform positive background [58] . Although errors may arise from unwanted Coulombic charge interactions between periodic images within the uniform background, this error can be eliminated through the use of simulations cells with infinitively large volumes. In this study, we compared the total energy of the two models with variations only in the position of the substituted Mg in a fixed supercell volume. As the error associated with interaction between the periodic images does not depend on the atomic positions, this error was cancelled in the energy comparison.
For the edge surfaces with solvent accessible Mg, the adsorption energy of a water molecule physisorbed to the octahedral site (H ads ) was calculated for the exposed Al and Mg sites (i.e., six-fold vs. five-fold Al or Mg) by
where E 4s and E 3s are the total energies of the surface with sorbed water coverage of 4 and 3 H 2 O/nm 2 , respectively, and E H 2 O is the total energy of an isolated H 2 O molecule in a 25ˆ25ˆ25 Å cell. 
Results
Surface Mg
The characteristic properties of the cation-O pair distribution functions of the octahedral sheet obtained by MD simulations are summarized in Table 1 . The Mg-O coordination number (CN) for the solvent accessible Mg (Mg Sol ) was less than that of Mg in the linking PBC position (Mg PBC ) or bulk (Mg Bulk ). The Mg substitutions in the linked PBC position and bulk maintained octahedral coordination (CN « 6) throughout the simulation. The physisorbed water of Mg Sol was observed to exchange readily with the bulk water phase during the MD simulation. The ease with which water is exchanged from this site in the MD simulations is consistent with the low water adsorption energy for the solvent accessible Mg sites (H ads ,´57 kJ/mol) calculated using DFT. This exchange resulted in a transient edge Mg that is in square pyramidal coordination with O.
The Mg substitutions can occur at two different locations within the edge bond chain (Mg Sol and Mg PBC ). Using DFT, we compared the total energies of the different models to evaluate which substitution site is preferable (Figure 4) . The Mg PBC substitution possessed a lower total energy than the Mg Sol substitution at both layer charges considered. The energy difference indicates that, in isolation, the solvent accessible sites are not preferable for Mg substitution at the edge surface. However, the relative difference in the total energies between the models with solvent accessible and linking PBC substitutions decreased with an increase in layer charge (´34.2 to´10.0 kJ/mol). At the higher layer charge, the Mg Sol site that was closest to the Mg Bulk assumed a square pyramidal coordination (left side of Figure 4c ), whereas the Mg Sol sites were in octahedral coordination at the edge most distant from the Mg Bulk (right side of Figure 4c ) and at the lower layer charge (Figure 4a ). This change in the coordination number and reduction in the energy difference imply that solvent accessible sites could be substituted at higher layer charges with a tendency to assume five-fold coordination. In the MD simulations, the model possessed a higher layer-charge and included a Mg Sol site. The CN of less than 6 at the Mg Sol site is rationalized based on the energy difference in our DFT results. The Mg substitutions can occur at two different locations within the edge bond chain (Mg Sol and Mg PBC ). Using DFT, we compared the total energies of the different models to evaluate which substitution site is preferable (Figure 4 ). The Mg PBC substitution possessed a lower total energy than the Mg Sol substitution at both layer charges considered. The energy difference indicates that, in isolation, the solvent accessible sites are not preferable for Mg substitution at the edge surface. However, the relative difference in the total energies between the models with solvent accessible and linking PBC substitutions decreased with an increase in layer charge (−34.2 to −10.0 kJ/mol). At the higher layer charge, the Mg Sol site that was closest to the Mg Bulk assumed a square pyramidal coordination (left side of Figure 4c ), whereas the Mg Sol sites were in octahedral coordination at the edge most distant from the Mg Bulk (right side of Figure 4c ) and at the lower layer charge (Figure 4a ). This change in the coordination number and reduction in the energy difference imply that solvent accessible sites could be substituted at higher layer charges with a tendency to assume five-fold coordination. In the MD simulations, the model possessed a higher layer-charge and included a Mg Sol site. The CN of less than 6 at the Mg Sol site is rationalized based on the energy difference in our DFT results. The MD-calculated average Mg-O distances ( Table 1 : rpeak) for the substitutions in the linked PBC position are slightly longer, but not significantly so, than the Mg-O distances of the solvent accessible and bulk mineral substitutions. The extent of the Mg-O first shell (ρ) is more compact in the bulk than at the edge surface. This difference is attributed to the greater crystallinity of the bulk phase and surface relaxation. The Mg-O distances obtained by MD simulations are within 0.04 Å (≤2%) of the distances from our DFT geometry optimizations and both simulation results are in agreement with the experimental range (2.00-2.12 Å ) reported for the bulk Mg-O distances in synthetic MMT [44] and hydrotalcite [59] and for aqueous Mg ions [60] . In general agreement with the MD results, the DFT-calculated average Mg-O bond distances were relatively constant regardless of the position of the substitution (i.e., Mg Sol , Mg PBC , or Mg Bulk ; Table 2 ) although an The MD-calculated average Mg-O distances ( Table 1 : r peak ) for the substitutions in the linked PBC position are slightly longer, but not significantly so, than the Mg-O distances of the solvent accessible and bulk mineral substitutions. The extent of the Mg-O first shell (ρ) is more compact in the bulk than at the edge surface. This difference is attributed to the greater crystallinity of the bulk phase and surface relaxation. The Mg-O distances obtained by MD simulations are within 0.04 Å (ď2%) of the distances from our DFT geometry optimizations and both simulation results are in agreement with the experimental range (2.00-2.12 Å) reported for the bulk Mg-O distances in synthetic MMT [44] and hydrotalcite [59] and for aqueous Mg ions [60] . In general agreement with the MD results, the DFT-calculated average Mg-O bond distances were relatively constant regardless of the position of the substitution (i.e., Mg Sol , Mg PBC , or Mg Bulk ; Table 2 ) although an increase in the layer charge slightly decreased the Mg Sol -O distance. This decrease is a result of a contraction of the Mg Sol -O bonds associated with the mineral layer but the Mg Sol -OH 2 distance that actually increased with increasing layer charge masks the extent of this contraction. 
Surface Al
The MD simulations also showed that the presence of isomorphic substitutions in the edge PBCs affects the structure of the edge Al. Figure 5 where square pyramidal, trigonal bipyramidal, and tetrahedral Al are present. These disordered edge Al structures have also been reported in previous MD simulations of pyrophyllite edges and nanoparticles [37, 38] .
The Al structural features shown by the MD simulations are consistent with our DFT results. In the DFT geometry optimizations, the effects of the Mg substitutions and increased layer charge on the Al-O distances are most evident when the Al Sol -OH 2 distances are considered ( Table 2) . For the pyrophyllite AC edge surfaces, which possess no isomorphic substitutions (x = 0), the Al Sol -OH 2 distances were 2.02-2.06 Å [24, 61] . When the edge PBC includes a Mg Sol (Table 2 : Mg Sol models), the Al Sol -OH 2 distance tends to increase with increasing layer charge. The greatest Al Sol -OH 2 distance was 2.10 Å at x = 0.375, when the solvent accessible Al was nearest the bulk Mg substitution. When the edge PBC substitution is in the linking position ( Table 2 : Mg PBC models), a dramatic increase in the Al Sol -OH 2 distances occurred with increasing layer charge. The Al Sol that share hydroxyl oxygens (oh) with the Mg PBC have a greater Al Sol -OH 2 distance than the Al Sol that share bridging oxygens (ob) with the Mg PBC . The greatest Al Sol -OH 2 distance in the Mg PBC models occurred at the Al Sol that is nearest the bulk Mg substitution (3.20 Å), indicating non-octahedral coordination of edge Al as shown in the MD simulations. In our MD simulations, the coordination number of the Mg Sol and Mg PBC were 5.72 and 5.99-similar to the results of Al Sol and Al PBC . The reduced coordination of the Mg Sol is attributed to the low water adsorption energy, Hads, (−57 kJ/mol). When we calculated the Hads for the solvent accessible Al sites using DFT, it was equivalent to that of the Mg sites (−57 kJ/mol). Thus, physisorbed water molecules associated with the solvent accessible octahedral sites of the AC edge are likely to be exchanged [29, 30] , regardless of whether the octahedral cation is Al or Mg.
Surface Si and H-Bonds
The MD simulations also predicted disorder in the Si tetrahedral sheet. The inverted Si tetrahedra of the AC edge ( Figures 5 and 6) develop as a consequence of the trigonal bipyramidal Al at the edge. These inverted Si are a feature of a historic alternative model of montmorillonite first In our MD simulations, the coordination number of the Mg Sol and Mg PBC were 5.72 and 5.99-similar to the results of Al Sol and Al PBC . The reduced coordination of the Mg Sol is attributed to the low water adsorption energy, H ads , (´57 kJ/mol). When we calculated the H ads for the solvent accessible Al sites using DFT, it was equivalent to that of the Mg sites (´57 kJ/mol). Thus, physisorbed water molecules associated with the solvent accessible octahedral sites of the AC edge are likely to be exchanged [29, 30] , regardless of whether the octahedral cation is Al or Mg.
The MD simulations also predicted disorder in the Si tetrahedral sheet. The inverted Si tetrahedra of the AC edge ( Figures 5 and 6 ) develop as a consequence of the trigonal bipyramidal Al at the edge. These inverted Si are a feature of a historic alternative model of montmorillonite first proposed by Edelman and Favejee [62] . Both the pyrophyllite-like and the Mg-substituted edge faces in the MD simulations of the Na-MMT model possessed these Si-inversions ( Figure 6 ). The inverted Si and non-octahedral Al structures were stabilized by water bridging H-bonds as recently reported for the pyrophyllite edge surface [37, 38] . Although experiments have not yet provided direct evidence of an inverted Si in 2:1 dioctahedral phyllosilicates, the alternative EF structure can, in principle, explain some inconsistencies in smectite reactivity [63] [64] [65] . A recent atomic thermodynamics study based on DFT has suggested that these inverted Si at the edge of pyrophyllite are possible defect structures at the AC edge of 2:1 phyllosilicates [61] . inverted Si and non-octahedral Al structures were stabilized by water bridging H-bonds as recently reported for the pyrophyllite edge surface [37, 38] . Although experiments have not yet provided direct evidence of an inverted Si in 2:1 dioctahedral phyllosilicates, the alternative EF structure can, in principle, explain some inconsistencies in smectite reactivity [63] [64] [65] . A recent atomic thermodynamics study based on DFT has suggested that these inverted Si at the edge of pyrophyllite are possible defect structures at the AC edge of 2:1 phyllosilicates [61] . Our MD simulations further showed that the H-bonds associated with the unsaturated bridging oxygens at the edge (i.e., ≣Al-O-Si≣ and ≣Mg-O-Si≣) differ depending on the identity of the edge cation. When the edge cation is Al, the average number of H-bonds between the bridging oxygen and water is 1.00. When a solvent accessible Mg is substituted at the edge, the average number of H-bonds between the water and the bridging oxygen was 1.64. This value should be interpreted carefully as only one bridging O bonded to Mg Sol exists in the model in contrast to the 10 bridging O bonded to Al Sol . The average number of H-bonds indicates that this bridging O, when bonded to Mg Sol , is more likely to form two H-bonds with the water over the course of the MD trajectory than a single H-bond. This increase in the number of H-bonded water molecules at the site of the octahedral substitution agrees with that reported in a recent DFT MD simulation [31] . The square pyramidal Al and Mg observed in the geometry-optimized DFT models with layer charge x = 0.375 (Figure 4c,d) were also stabilized by water bridging H-bonds. The water bridge forms between the H atoms of water molecule and the unsaturated bridging O [≣(Al or Mg)-O-Si≣] and a silanol group (≣Si-OH). The square pyramidal Al is further stabilized through an additional hydrogen bond between the O of the water bridge and the exposed structural hydroxyl (≣Al2-OH).
Discussion
Previous QM simulations of a small 2:1 phyllosilicate edge model with Mg substitutions in the solvent accessible octahedral position have reported the existence of the square-pyramidal edge Mg in addition to octahedral Mg [30] . Our DFT geometry optimizations and classical MD simulations Our MD simulations further showed that the H-bonds associated with the unsaturated bridging oxygens at the edge (i.e.,
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Our MD simulations further showed that the H-bonds associated with the unsaturated bridging oxygens at the edge (i.e., ≣Al-O-Si≣ and ≣Mg-O-Si≣) differ depending on the identity of the edge cation. When the edge cation is Al, the average number of H-bonds between the bridging oxygen and water is 1.00. When a solvent accessible Mg is substituted at the edge, the average number of H-bonds between the water and the bridging oxygen was 1.64. This value should be interpreted carefully as only one bridging O bonded to Mg Sol exists in the model in contrast to the 10 bridging O bonded to Al Sol . The average number of H-bonds indicates that this bridging O, when bonded to Mg Sol , is more likely to form two H-bonds with the water over the course of the MD trajectory than a single H-bond. This increase in the number of H-bonded water molecules at the site of the octahedral substitution agrees with that reported in a recent DFT MD simulation [31] . The square pyramidal Al and Mg observed in the geometry-optimized DFT models with layer charge x = 0.375 (Figure 4c,d) were also stabilized by water bridging H-bonds. The water bridge forms between the H atoms of water molecule and the unsaturated bridging O [≣(Al or Mg)-O-Si≣] and a silanol group (≣Si-OH). The square pyramidal Al is further stabilized through an additional hydrogen bond between the O of the water bridge and the exposed structural hydroxyl (≣Al2-OH).
Previous QM simulations of a small 2:1 phyllosilicate edge model with Mg substitutions in the solvent accessible octahedral position have reported the existence of the square-pyramidal edge Mg in addition to octahedral Mg [30] . Our DFT geometry optimizations and classical MD simulations corroborate these previous findings and, contrary to the previous reports of the six-fold Al only being stable under the influence of an octahedral substitution, demonstrate that the solvent accessible Al can also take on a square pyramidal configuration. In the present DFT results, the Al 2 -OH).
Previous QM simulations of a small 2:1 phyllosilicate edge model with Mg substitutions in the solvent accessible octahedral position have reported the existence of the square-pyramidal edge Mg in addition to octahedral Mg [30] . Our DFT geometry optimizations and classical MD simulations corroborate these previous findings and, contrary to the previous reports of the six-fold Al only being stable under the influence of an octahedral substitution, demonstrate that the solvent accessible Al can also take on a square pyramidal configuration. In the present DFT results, the square pyramidal Al develops when proximal to Mg substitutions in the linking PBC position and bulk mineral. Previous studies considered Mg substitutions only in one of the edge PBC and did not include bulk substitutions [30, 31] ; these edge PBC substitution ratios were less than or equal to the ratio in our models. Our larger slab model permitted us to consider substitutions both at interfaces and in bulk with a layer charge (x = 0.375) that more closely approaches the experimental layer charge constraint.
The five-coordinate Al and Mg surface structures developed in the model where the local charge deficit-due to isomorphic substitutions-would be greatest in the DFT model. These five-coordinate structures only developed at the solvent accessible cation closest to the bulk Mg substitution (Figure 4c ); the solvent accessible cations isolated from the bulk substitution remained in octahedral coordination. Based on this co-occurrence, we infer that a relationship between disordered edge structures and local charge deficits exists. Our classical MD simulations qualitatively support this inference and predict that the presence of octahedral substitutions results in disordered Al edge structures. The disorder in the substituted edges of the MD model was more extensive than in the DFT geometry optimization. We attribute this increased disorder to the Mg in the edge PBC and the octahedral substitutions in the adjacent bulk-side bond chains. The substitution ratio of these adjacent bond chains is greater at the substituted edge (0.375) than at the pyrophyllite-like edges (0.25 and 0.125). Both the MD and DFT simulation results support the inference that disordered edge structures are related to excess negative charge at the edge.
Our classical MD simulations and DFT geometry optimization results provide a basis from which future atomistic simulations can be used to explore the structure and reactivity of the lateral edges of montmorillonite and to interpret experimental results. Synthetic MMTs with a permanent structural charge originating from only the octahedral sheet are limited to layer charges less than 0.4. When the edge substitution ratio of an atomistic model of the Na-MMT AC edge is similarly constrained, our results have demonstrated that the CLAYFF forcefield may be used in molecular mechanics investigations of the MMT AC edge-water interface at the p.z.n.p.c. The presence of octahedral edge substitutions have already been incorporated into some models of the acid-base chemistry of montmorillonite [66] . Acid dissociation constants that have been determined from DFT simulations indicate that solvent accessible Mg substitutions possess extremely high pK a s and increase the pK a of neighboring silanol groups [26, 27] . The effects of Mg substitutions on the pK a of neighboring Al sites have not been reported but are worthy of consideration based on our present findings that Mg substitutions in the linking PBC position are energetically favored and increased layer charge can result in disordered edge structures. Our models of the Mg-substituted smectite edge also hold promise for future molecular mechanics simulations that examine surface phenomena such as cation complexation and diffusion across the boundary between meso-and nano-pores.
